Generation and Dynamics of an Endogenous, Self-Generated Signaling Gradient across a Migrating Tissue  by Venkiteswaran, Gayatri et al.
Generation and Dynamics of an
Endogenous, Self-Generated Signaling
Gradient across a Migrating Tissue
Gayatri Venkiteswaran,1,5 Stephen W. Lewellis,1,5 John Wang,1 Eric Reynolds,1,2 Charles Nicholson,3
and Holger Knaut1,4,*
1Developmental Genetics Program, Skirball Institute of Biomolecular Medicine, New York University Langone Medical Center, New York,
NY 10016, USA
2Charite Universita¨tsmedizin Berlin, 10117 Berlin, Germany
3Department of Neuroscience and Physiology, New York University Langone Medical Center, New York, NY 10016, USA
4Kimmel Center for Stem Cell Biology, New York University Langone Medical Center, New York, NY 10016, USA
5These authors contributed equally to this work
*Correspondence: holger.knaut@med.nyu.edu
http://dx.doi.org/10.1016/j.cell.2013.09.046SUMMARY
In animals, many cells reach their destinations by
migrating toward higher concentrations of an attrac-
tant. However, the nature, generation, and interpre-
tation of attractant gradients are poorly understood.
Using a GFP fusion and a signaling sensor, we
analyzed the distribution of the attractant chemokine
Sdf1 during migration of the zebrafish posterior
lateral line primordium, a cohort of about 200 cells
that migrates over a stripe of cells uniformly express-
ing sdf1. We find that a small fraction of the total Sdf1
pool is available to signal and induces a linear Sdf1-
signaling gradient across the primordium. This
signaling gradient is initiated at the rear of the primor-
dium, equilibrates across the primordium within
200 min, and operates near steady state. The rear
of the primordium generates this gradient through
continuous sequestration of Sdf1 protein by the
alternate Sdf1-receptor Cxcr7. Modeling shows that
this is a physically plausible scenario.INTRODUCTION
During animal development, homeostasis, and disease, cells
must move from one location to another to form tissues,
assemble into organs, chase a pathogen or—in the case of
cancer—populate sites of metastasis. Depending on the pro-
cess, cells migrate as single cells, as chains of cells, or as
tissue-like collectives of a few cells to hundreds of cells. In order
to move in the correct direction, migrating cells need guidance
cues. Studies over the last few decades have revealed the iden-
tity of many guidance cues. These guidance cues are often
secreted from the target tissue and form an attractant gradient,
from which migrating cells derive directional information (Parent
and Devreotes, 1999; Rørth, 2011; Swaney et al., 2010). There674 Cell 155, 674–687, October 24, 2013 ª2013 Elsevier Inc.are several ways that these attractant gradients can guide
migrating cells. For example, migrating cells can be guided by
long-range attractant gradients emanating from a source at the
target tissue (Montell, 2003), shifting expression domains of
the attractant (Affolter and Caussinus, 2008) or the graded distri-
bution of an immobilized attractant (Weber et al., 2013). In the
simplest model, attractants are secreted from a local source
and degraded by a local sink, generating a linear gradient at
steady state. Francis Crick showed in 1970 that this source-
sink model can generate stable, linear gradients over several
hundreds of micrometers (Crick, 1970).
A classic example for single-cell migration is the slime mold
Dictyostelium (reviewed in Parent and Devreotes, 1999). Dic-
tyostelium cells are attracted by cAMP and move toward higher
cAMP concentrations. The cells are about 10 mm in diameter,
and though they can sense differences in cAMP concentration
of as low as 1% across themselves, they migrate most efficiently
when this difference is 3% (Fisher et al., 1989). Intriguingly, Dic-
tyostelium migrate toward higher cAMP concentrations both
within pre-steady-state gradients with temporally increasing
cAMP concentration and within stable, steady-state gradients
(Fisher et al., 1989). It is thought that Dictyostelium achieves
sensitivity to concentration differences of cAMP and robustness
to fluctuations in cAMP concentration by integrating and rein-
forcing information about local cAMP concentrations sensed
by the cAMP receptors on the cell surface (Cai and Devreotes,
2011).
The purpose of this study is to determine the shape (linear or
nonlinear), dynamics (pre-steady-state or steady-state), and
mechanisms of generation and maintenance of an attractant
gradient in a living animal. We were motivated by recent studies
using overexpressed fluorescently tagged proteins to describe
the distribution of signaling molecules in living animals (Entchev
et al., 2000; Kicheva et al., 2007; Mu¨ller et al., 2012; Teleman and
Cohen, 2000; Yu et al., 2009). These studies reported the distri-
bution of the total population of signaling molecules using over-
expressed tagged molecules, but they did not delineate how
much of the total signaling molecules are actually involved in
Figure 1. Expression and Requirement of Sdf1a and Its Receptors Cxcr4b, Cxcr7a, and Cxcr7b during Primordium Migration
(A) Live images of embryos of the indicated stage and genotype. Arrow indicates the primordium, and arrowheads indicate neuromasts.
(B) Fluorescent staining for cxcr4b, cxcr7a, or cxcr7b mRNA and GFP protein at 36 hpf. Scale bar, 50 mm.
(C) Fluorescent staining for sdf1a mRNA and GFP protein in a tg(cldnB:lyn2GFP) embryo at 36 hpf. Anterior is to the left, and posterior is to the right.
(D) Quantification of primordiummigration in 48 hpf embryos of indicated genotypes. The vertical bars represent the average position of the primordium, the error
bars represent SD, and the circles represent the positions of individual primordia. 48 hpf embryo schematic adapted from (Kimmel et al., 1995).
See also Figure S6.signaling events. Therefore, the in vivo distribution of endoge-
nous untagged signaling molecules remains unclear.
The posterior lateral line primordium in zebrafish is an excel-
lent model for studying how attractants guide migrating cells
(Aman and Piotrowski, 2010). The primordium is composed of
about 200 epithelial-like cells that are born behind the ear around
19 hr postfertilization (hpf). During the next 20 hr, these cells
migrate collectively along the body of the fish until they reach
the tip of the tail around 40 hpf (Figure 1A andMovie S1 available
online). During this migration period, the primordium deposits
five to seven cell clusters along the trunk and tail of the embryo
(Ghysen and Dambly-Chaudie`re, 2007). Each of these clusters
differentiates into a neuromast, a specialized organ that senses
water flow around the embryo. The primordium requires the che-
mokine Sdf1a and its two receptors, Cxcr4b and Cxcr7b, for
propermigration (Figure 1A). The cells of the primordium express
cxcr4b uniformly starting at 19 hpf when the primordium first
forms (Figure 1B). cxcr7b expression turns on specifically in
the rear of the primordium (Figure 1B) only once it reaches and
starts migrating over a narrow and uniform stripe of sdf1a-ex-
pressing cells located along the trunk and tail of the embryo (Fig-
ure 1C) (Breau et al., 2012; Dambly-Chaudie`re et al., 2007; Davidet al., 2002; Valentin et al., 2007). Although chemokine signaling
is required for propermigration, it remains unclear how a stripe of
uniform sdf1a can provide directional guidance to the primor-
dium during its journey through the embryo.
Here, we developed quantitative reporters for Sdf1a protein
and Sdf1 signaling and employed quantitative imaging and
mathematical modeling to examine the distribution of total
Sdf1a protein and the pool of Sdf1a protein available for
signaling through Cxcr4. We find that total Sdf1a protein is
distributed uniformly along the stripe of chemokine-producing
cells underneath the primordium. In contrast, Sdf1 signaling is
linearly graded across the primordium for the duration of its
migration, with a slope of 7% per cell. Upon abrogation, this
gradient re-emerges and reaches steady state again within
200 min. Mathematical modeling shows that the observed
gradient kinetics are inconsistent with freely diffusing Sdf1a pro-
tein and suggest that the chemokine is hindered in its diffusivity,
probably due to binding to extracellular molecules.
To determine how the primordium converts a uniform source
of Sdf1a protein into an Sdf1-signaling gradient, we analyzed
the expression of Sdf1a protein within the primordium. We find
that the rear of the primordium sequesters 1% of the totalCell 155, 674–687, October 24, 2013 ª2013 Elsevier Inc. 675
Figure 2. Cxcr7 Is Required for Sdf1a-GFP Sequestration by the Primordium
(A and B) Average fluorescence intensity of Sdf1a-GFP protein along the stripe of chemokine-producing cells underneath primordia in embryos of indicated
genotypes (B, inset, heat-shocked wild-type control embryos).
(C) Sum projection of the primordium from 36 hpf embryos of indicated genotypes stained for Claudin-B andGFP. Scale bar, 10 mm.Direction ofmigration is to the
right. Arrowheads indicate Sdf1a-GFP puncta.
(legend continued on next page)
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Sdf1a protein. Although controversial (Rajagopal et al., 2009),
CXCR7—an alternate receptor for SDF1—has been proposed
to act as a chemokine clearance receptor (Boldajipour et al.,
2008; Sa´nchez-Alcan˜iz et al., 2011). The two CXCR7 orthologs,
Cxcr7a and Cxcr7b, are expressed in the rear of the primordium.
We find that the two orthologs are required for Sdf1a protein
uptake in the rear of the primordium, Sdf1-signaling gradient for-
mation across the primordium, and primordium migration. Addi-
tionally, in embryos lacking Cxcr7, both the Sdf1-signaling
gradient and primordium migration can be restored by reintro-
ducing Cxcr7b underneath the rear of the primordium. These
observations demonstrate that the primordium generates an
attractant gradient across itself by sequestering Sdf1a protein
in its rear via Cxcr7-mediated chemokine uptake. This self-
generated attractant gradient, combined with the route informa-
tion provided by the stripe of sdf1a-expressing cells, then
provides directional guidance to the migrating primordium.
Mathematical modeling of a sink moving across a source stripe
that provides a constant attractant concentration shows that this
is a plausible scenario.
RESULTS
Sdf1a-GFP Is Distributed Evenly along the Migratory
Route of the Primordium
To analyze the distribution of Sdf1a protein along the migratory
route of the primordium, we generated a transgenic line
(tg(sdf1a:sdf1a-GFP)) that expresses Sdf1a fused to green fluo-
rescent protein (GFP) from a bacterial artificial chromosome
(BAC). This BAC includes the sdf1a exons and introns, a 55 kb
sequence upstream of the start codon, and a 30 kb sequence
downstream of the stop codon (Figure S1A). The transgene reca-
pitulates the endogenous sdf1a mRNA expression pattern (Fig-
ures S1B and S1C) and restores primordium migration in sdf1a
mutant embryos (Figures S1E–S1G), demonstrating that it is
functional. We used the tg(sdf1a:sdf1a-GFP) line to examine
the distribution of Sdf1a-GFP protein in wild-type embryos.
Sdf1a-GFP protein is distributed evenly along the migration
route of the primordium (Figure S1D) and is confined to the
immediate vicinity of the cells that produce it (Movie S2). We
quantified the intensity of Sdf1a-GFP on the stripe underneath
the primordium and do not detect a difference in the levels of
the chemokine between the front and rear of the primordium
(Figure 2A and Data S1). However, close inspection reveals
that cells in the rear of the primordium sequester small amounts
of Sdf1a-GFP, which appear as discrete intracellular puncta (Fig-
ure 2C andMovie S2). Quantification of the number and intensity
of Sdf1a-GFP puncta inside the primordia of multiple embryos
confirms that cells in the rear of the primordium internalize
more Sdf1a-GFP than the cells in the front of the primordium
(Figure 2E and Data S2). This raises the possibility that the rear(D) Distribution of intensities of Sdf1a-GFP puncta in primordia of indicated geno
(E) Distribution of intensities of Sdf1a-GFP puncta in primordia along the anter
cxcr7b/; cxcr7a morphant primordia; black, wild-type primordia).
(F) Fraction of Sdf1a-GFP found inside of the primordium of the total Sdf1a-GFP
individual primordium. Horizontal bars represent the mean ± SEM.
See also Figure S1 and Data S1 and S2.of the primordium reduces the concentration of Sdf1a beneath
it through protein sequestration, suggesting that the primordium
is capable of locally modifying the levels of chemokine in its path.
However, the Sdf1a-GFP uptake by the rear of the primordium
represents only 1% of the total Sdf1a-GFP signal (Figure 2F)
and is thus within the noise margin (SEM 18%) of Sdf1a-GFP in-
tensity measurements made from the stripe beneath the primor-
dium. This suggests that the migrating primordium only modifies
the chemokine pool in its immediate vicinity, with minimal effects
on overall chemokine levels.
A Novel In Vivo Sdf1-Signaling Sensor
It is possible that the primordium senses and responds to a
shallow gradient of Sdf1a that we cannot detect by measuring
the total amount of Sdf1a-GFP protein along the stripe. To inves-
tigate this possibility, we developed an in vivo Sdf1-signaling
sensor designed to measure the levels of Sdf1a that the primor-
dium perceives. Because the binding of SDF1 to CXCR4 triggers
rapid internalization of the receptor from the cell membrane and
subsequent receptor degradation (Marchese andBenovic, 2001;
Marchese et al., 2003; Minina et al., 2007), we reasoned that the
levels of Cxcr4b on the cell membrane should correlate inversely
to the levels of extracellular Sdf1 protein. To test this idea, we
fused the monomeric red fluorescent protein Kate2 to the
C terminus of Cxcr4b (Cxcr4b-Kate2) and expressed this fusion
protein from the cxcr4b promoter. As an internal reference, we
coexpressed membrane-tethered GFP (memGFP) that is co-
translated from the same transcript through an internal ribo-
somal entry site (IRES) (Figures 3A and S1H). This signaling
sensor recapitulates the expression of endogenous cxcr4b (Fig-
ures S1I–S1K), internalizes with Sdf1a-GFP (Figures S1O and
S1P), and rescues primordium migration in cxcr4b mutant
embryos (Figure S1L–S1N), demonstrating that it is functional.
Because ligand binding causes receptor internalization, the ratio
of red fluorescence from the Cxcr4b-Kate2 fusion protein to
green fluorescence from the memGFP on the membrane of a
cell (FmemRed/FmemGreen) should represent a quantitative
readout of the amount of Sdf1a protein to which the cell is
exposed (Figure 3B). We tested the relationship between
Sdf1a protein levels and the Sdf1-signaling sensor in several
ways. First, in the absence of Sdf1a protein, the membranes of
cells within the primordium exhibit high levels of Cxcr4b-Kate2,
resulting in an average FmemRed/FmemGreen ratio of 2.6 (Fig-
ures 3H and 3I, column 4, and Data S3). Second, upon global
Sdf1a overexpression from an inducible heat shock promoter
(tg(hsp70:sdf1a)), Cxcr4b-Kate2 is found primarily inside of
the cell rather than on the cell membrane, resulting in an
average FmemRed/FmemGreen ratio of 0.2 (Figures 3H and
3I, column 5). Third, injection of increasing amounts of a
translation-blocking sdf1a morpholino progressively shifts the
FmemRed/FmemGreen ratios across the primordium to highertypes.
ior-posterior axis. Each dot (D and E) represents an individual punctum (red,
in the indicated genotype. Each dot represents the fraction of Sdf1a-GFP in an
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Figure 3. A Quantitative Signaling Reporter for Sdf1
(A and B) Schematic of Sdf1-signaling sensor construct (A) and concept (B).
(C) (Left) Mean FmemRed/FmemGreen ratio along the anterior-posterior axis of nR 20 primordia from tg(cxcr4b:cxcr4b-Kate2-IRES-GFP-CaaX) embryos in-
jected with sdf1amorpholino. Circles are mean ratios, and error bars represent SEM. Open circles indicate ratios greater than the SD correctedmean FmemRed/
FmemGreen ratio in sdf1a/ primordia. (Middle) Shift of the FmemRed/FmemGreen ratio curves on left. The error bars represent SD. (Right) Primordium position
in embryos injected with increasing amounts of sdf1amorpholino. The vertical bars represent the average position of the primordium, the error bars represent SD,
and the circles represent the positions of individual primordia. 35 hpf embryo schematic adapted from Kimmel et al., (1995).
(D) Derivation of equation for reversible binding of Sdf1 to Cxcr4b (Equation 4) using the definition of the dissociation constant (Equation 1) for the reversible
reaction Cxcr4beq+Sdf1eq# Cxcr4b-Sdf1eq (wherein Cxcr4beq is free receptor, Sdf1eq is free ligand, and Cxcr4b-Sdf1eq is receptor-ligand complex) and mass
balance for Sdf1 (Equation 2) and Cxcr4b (Equation 3).
(E) Graph of Equation 4 for a Kd of 4 nM (Crump et al., 1997).
(F) Mean FmemGreen/FmemRed ratio values across 100 mm beginning at the front of the primordium in 36 hpf wild-type embryos with increasing levels of
expression of the signaling sensor indicated in (G).
(G) Mean FmemRed intensity values across 100 mmbeginning at the front of the primordium in 36 hpf embryos carrying different combinations and copy numbers
of the signaling sensor transgenes (blue, Sdf1 sensorGRp1/+, n = 14; green, Sdf1 sensorGRp7/+, n = 17; yellow, Sdf1 sensorGRp1/ Sdf1 sensorGRp7, n = 10; red,
Sdf1 sensorGRp7/ Sdf1 sensorGRp7, n = 16). The colored and gray bars indicate SEM in (F) and (G), respectively.
(H) Single confocal slices through the primordium in live embryos of the indicated genotypes and stages, all carrying the Sdf1-signaling sensor. The FmemRed/
FmemGreen images are inverted heat maps of the ratio.
(I) Mean FmemRed/FmemGreen along the anterior-posterior axis of nR 10 primordia with 0 mm representing the front of each primordium. Red circles indicate
the mean FmemRed/FmemGreen in embryos of the indicated genotype; black circles, where present, indicate the mean FmemRed/FmemGreen of wild-type
embryos or heat-shocked control embryos. Gray bars indicate SEM. Anterior is to the left in (H). Scale bar, 20 mm.
See also Figures S1–S5 and Data S3, S4, and S5.
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values in a manner that is directly proportional to the amount of
sdf1a morpholino injected, consistent with progressively
decreasing levels of Sdf1a (Figure 3C). Fourth, consistent with
theoretical considerations for reversible ligand-receptor binding
(Figures 3D and 3E), we find that altering the expression levels of
the Sdf1-signaling sensor does not change the Sdf1-signaling
sensor ratios across the primordium (Figures 3F and 3G). Fifth,
in the absence of Sdf1a, Cxcr4b-Kate2 and memGFP are trans-
lated at a fairly constant ratio across the primordium (Figures 3H,
column 4, and S2F), indicating that memGFP expression from
the IRES is uniform across the primordium. Sixth, memGFP is
expressed uniformly along the anterior-posterior axis of the pri-
mordium (Figure S2A and Data S5), indicating that the activity
of the cxcr4b promoter is fairly constant across the cells of the
primordium. Seventh, expression of the Sdf1-signaling sensor
in HEK293T cells indicates that the FmemRed/FmemGreen ra-
tios are directly proportional to the concentration of Sdf1 added
to the culture media (Figures S3A and S3C). Thus, the ratio of
FmemRed/FmemGreen reported by the Sdf1-signaling sensor
is linearly related to the levels of Sdf1 protein that the primordium
perceives during migration.
ALinear Sdf1-Signaling Gradient across the Primordium
Using this sensor, we detected an Sdf1-signaling gradient
across the anterior-posterior axis of the migrating primordium
in live, 36 hpf wild-type embryos (Figures 3H and 3I, column 2).
The gradient begins at the leading edge of the primordium at a
mean FmemRed/FmemGreen of below 0.6, increases fairly line-
arly by 1.2%/mm for the first 100 mm, and plateaus at a mean
FmemRed/FmemGreen of 2.3 in the rear of the primordium (Fig-
ures 1, column 2, and S2G). The linear gradient moves with the
primordium throughout its migration, remaining remarkably con-
stant in shape and amplitude over time (Figures 3H and 3I, col-
umns 1–3, and Movie S3, left). Moreover, the gradient is absent
in sdf1amutant embryos (Figure 3I, column 4) and is rapidly abol-
ished upon global overexpression of Sdf1a from a heat-shock-
inducible promoter (Figure 3I, column 5, and Movie S3, right),
confirming that the signaling gradient depends on Sdf1a protein
levels. The Sdf1-signaling gradient is mirrored by an internal
gradient of internalized and degraded Cxcr4b. Quantification of
the levels of internalized Cxcr4b-Kate2 to memGFP indicates
that Cxcr4b-Kate2 is degraded more in the front than in the
rear of the primordium and that internalization and degradation
of Cxcr4b-Kate2 depends on Sdf1a (Figure S4 and Data S4).
To approximate the lower and upper limits of Sdf1 signaling in
the primordium, we compared themean FmemRed/FmemGreen
in sdf1amutant embryos and embryos that globally overexpress
Sdf1a. The maximal difference in chemokine signaling observed
between these two scenarios is 2.4 ratio units (mean FmemRed/
FmemGreen of 2.6 and 0.2, respectively, in Figure 3I, columns 4
and 5). When compared to the maximal signaling difference
between the front and back of wild-type primordia of 1.7 ratio
units (mean FmemRed/FmemGreen of 0.6 and 2.3, respectively,
in Figure S1Q), this indicates that 36 hpf wild-type primordia use
71% of the Sdf1 signaling dynamic range.
The Sdf1-signaling gradient observed across the primor-
dium—high signaling in the leading cells and low signaling in
the trailing cells—suggests that a graded distribution of Sdf1acontinuously confers directional information to the migrating pri-
mordium. Results from a previous study demonstrated that
ectopic sources of the chemokine Sdf1b, the protein encoded
by a closely related paralog of sdf1a, can attract the primordium
(Li et al., 2004). Because Sdf1b is not expressed along themigra-
tory route of the primordium and Sdf1b is dispensable for its
migration, we hypothesized that Sdf1a, like Sdf1b, can lure the
primordium off course when expressed ectopically, therefore
acting as an instructive rather than permissive guidance cue.
We tested this hypothesis in two ways. First, we overexpressed
Sdf1a from a heat shock promoter during primordium migration
in embryos carrying the cldnB:lyn2GFP transgene or the Sdf1-
signaling sensor. In response to global overexpression of
Sdf1a, the primordium exhibits uniformly high levels of Cxcr4b-
Kate2 internalization, rounds up, and ceases to migrate, in
contrast to primordia in heat-shocked control embryos that
report a steady, linear signaling gradient, maintain an elongated
morphology, and continue to migrate (Figure S5A–S5C and
Movie S3). Second, we generated small, Sdf1a-misexpressing
clones along the migratory route of the primordium or within
the primordium in tg(cldnB:lyn2GFP) embryos by blastomere
transplantation (Figure S5D). Clones positioned dorsal or
ventral to the normal migratory route were able to attract the pri-
mordium, sending it off course (Figures S5J–S5L), whereas
clones within the primordium caused it to round up and stall
(Figure S5F).
Cxcr7 Sequesters Sdf1a Protein in the Rear of the
Primordium
Our observations that the rear of the primordium sequesters
Sdf1a-GFP protein (Figure 2C and Movie S2) and perceives
lower levels of Sdf1 than the front (Figures 3H and 3I, columns
1–3) suggest that the rear of the primordium continuously clears
Sdf1a protein from the region underneath itself. Previous studies
have proposed that the alternate SDF1 receptor CXCR7 can act
as a scavenger receptor for chemokines (Boldajipour et al., 2008;
Sa´nchez-Alcan˜iz et al., 2011). Consistent with this proposition,
cxcr7b is expressed in the rear of the primordium (Figure 1B, col-
umn 3) and is required for its migration (Figures 1A and 1D)
(Dambly-Chaudie`re et al., 2007; Valentin et al., 2007). Primordia
in cxcr7b mutant embryos exhibit slowed migration or stalling
(Movie S4, top) (Valentin et al., 2007). Interestingly, we find that
cxcr7a—the second ortholog of CXCR7 in zebrafish—is also ex-
pressed in the rear of the primordium (Figure 1B, column 2). In
embryos injected with morpholinos that block translation of
cxcr7a transcripts (Figures S6A and S6B), the primordium does
not always reach the tip of the tail (Figures 1A and 1D). Compro-
mising the function of both CXCR7 orthologs enhances these
migration defects (Figures 1A and 1D), often resulting in com-
plete stalling of the primordium (Movie S4, bottom), a defect
that is comparable to what we observe in primordia of sdf1a
mutant embryos (Figure 1A and Movie S1). However, in contrast
to the rounded morphology that the primordium assumes in
sdf1amutant embryos (Figure 1A and Movie S1), primordia defi-
cient in cxcr7a and cxcr7b (collectively referred to as Cxcr7) are
more motile and often extend in multiple directions (Movie S4,
bottom). Thus, Sdf1a protein sequestration by Cxcr7 is a
plausible mechanism for the generation and maintenance of aCell 155, 674–687, October 24, 2013 ª2013 Elsevier Inc. 679
Figure 4. Cxcr7 Generates the Sdf1-Signaling Gradient across the Primordium
(A) Single confocal slices through the primordium in live 36 hpf embryos of the indicated genotypes, all carrying the Sdf1-signaling sensor. The FmemRed/
FmemGreen images are inverted heat maps of the ratio.
(B) Mean FmemRed/FmemGreen along the anterior-posterior axis of nR 10 primordia with 0 mm representing the front of each primordium. Red circles indicate
the mean FmemRed/FmemGreen in embryos of the indicated genotype; black circles, where present, indicate the mean FmemRed/FmemGreen of wild-type
embryos, heat-shocked control embryos, or cxcr7-deficient control embryos. Gray bars indicate SEM. Anterior is to the left, and dorsal is up in (A). Scale bar,
20 mm. Note that cxcr7-deficient; tg(tubb2b:cxcr7b) embryos were injected with a low dose of cxcr7a MO mix.
See also Figures S2, S4, and S6 and Extended Experimental Procedures.chemokine attractant gradient across the migrating primordium.
To test this, we measured Sdf1a-GFP protein uptake by the
primordium in cxcr7-deficient and cxcr7b-overexpressing em-
bryos. Consistent with the hypothesis, we find that cxcr7-defi-
cient primordia fail to sequester Sdf1a-GFP protein in the rear
of the primordium, in contrast to wild-type primordia that show
significant uptake in this region (Figures 2C–2F and Movie S2).
The number and intensity of the Sdf1a-GFP puncta are markedly
reduced in cxcr7 deficient primordia (Figures 2D and 2E), sug-
gesting that Cxcr7 is required for chemokine sequestration.
Conversely, overexpression of Cxcr7b from a heat-shock-induc-
ible promoter causes the primordium to assume a rounded
morphology similar to that observed in sdf1a mutant embryos
and to decelerate (Movies S5 and S1, respectively). Sdf1a-GFP
protein levels on the stripe outside of the primordium are
reduced by 29% in these embryos (Figure 2B), indicating that
Cxcr7 activity promotes removal of Sdf1a from the stripe.
Cxcr7 Generates an Sdf1-Signaling Gradient across the
Primordium
Next, we tested whether Cxcr7-mediated Sdf1a protein seques-
tration in the rear of the primordium is responsible for generating
the Sdf1-signaling gradient across the primordium. Consistent
with the variable migration defects observed in embryos defi-
cient for either cxcr7a or cxcr7b, we find that Sdf1 signaling is
increased specifically in the rear of the primordium in the
absence of cxcr7a or cxcr7b activity compared to wild-type con-
trols (Figures 4A and 4B, columns 1–3), resulting in a 31%or 40%
reduction in the steepness of the Sdf1-signaling gradient across
the primordium, respectively. These findings indicate that both
CXCR7 orthologs contribute to the local clearance of Sdf1a pro-
tein and, thus, to the generation of the signaling gradient. Indeed,680 Cell 155, 674–687, October 24, 2013 ª2013 Elsevier Inc.impairing both cxcr7a and cxcr7b activity in the same embryo in-
creases Sdf1 signaling in the rear to levels that are normally only
observed in the front of the primordium (Figures 4A and 4B, col-
umn 4). Importantly, this increase of Sdf1 signaling in the rear of
the primordium of cxcr7-deficient embryos requires Sdf1a activ-
ity, as Sdf1 signaling in primordia of embryos lacking cxcr7 and
sdf1a resembles Sdf1 signaling in primordia of embryos mutant
for sdf1a alone (Figures 4A and 4B, column 5). Conversely, in
embryos that overexpress Cxcr7b from a heat-shock-inducible
promoter, Sdf1-signaling is reduced throughout the primordium
(Figures 4A and 4B, column 6). The absence of the Sdf1-
signaling gradient in cxcr7-deficient primordia resembles the
scenario in which Sdf1a is overexpressed globally (Figures 3H
and 3I, column 5), whereas the low signaling levels observed
across the primordium upon global Cxcr7b overexpression are
similar to what we observed in sdf1a mutant primordia (Figures
3H and 3I, column 4), suggesting that Cxcr7 activity correlates
inversely with Sdf1a levels. Furthermore, the abrogation of the
Sdf1-signaling gradient in cxcr7-deficient embryos enables the
relative quantification of the available Sdf1a levels outside of
the primordium. In the absence of cxcr7 activity, the mean
FmemRed/FmemGreen in the primordium should correspond
to the unaltered levels of Sdf1a on the stripe (C0), and the
mean FmemRed/FmemGreen in sdf1a mutant embryos should
correspond to the absence of Sdf1a. Thus, the combined activ-
ities of Cxcr7a and Cxcr7b reduce Sdf1a beneath the rear of the
primordium to 0.14 3 C0, whereas the front of the primordium
perceives C0. In summary, these observations demonstrate
that Cxcr7a and Cxcr7b continuously sequester Sdf1a protein
in the rear of the primordium. This results in an 86% reduction
in the local concentration of Sdf1a in the rear of the primordium,
which in turn generates the difference in chemical potential
Figure 5. Cxcr7 Modifies the Sdf1-Signaling Gradient across the Primordium at the Tissue Level
(A) Single confocal slices through mosaic primordia in live 36 hpf embryos of the indicated genotypes.
(B) Quantification of mean FmemRed/FmemGreen of host cells (black dots, gray bars SEM) and donor cells (red dots, light-red bars SEM) across the anterior-
posterior axis of primordia shown in (A).
(C) FmemRed/FmemGreen ratio on the host cells only across wild-type-wild-type and cxcr7 deficient-wild-type chimeric primordia containing the Sdf1-signaling
sensor. The front of the primordium is at 0 mm. Gray bars indicate SEM.
(D) Position of mosaic primordia compared to cxcr7b mutant (black rectangles) and wild-type primordia (white rectangle). The amount (heat map in mm3) and
position of clonal tissue across 150 mm from the front of the schematized primordia is indicated.
See also Table S1.required for the formation of a linear gradient of the attractant
along the migration route, which is essential for proper primor-
dium migration.
Cxcr7 Shapes the Sdf1-Signaling Gradient on the Tissue
Level
Cxcr7 could sculpt the chemokine gradient across the primor-
dium through local competition with Cxcr4b for Sdf1a protein
on the cell membranes of individual cells or through global che-
mokine clearance in the rear of the primordium. To distinguish
between these possibilities, we used cell transplantation to
generate chimeric primordia composed of wild-type and
cxcr7-deficient cells and compared the FmemRed/FmemGreen
ratios within and outside the clones. Placement of cxcr7-defi-
cient cells in the rear of a wild-type primordium does not result
in increased internalization of Cxcr4b-Kate2 selectively in the
cxcr7-deficient clones when compared to adjacent wild-type
cells or control chimeras (Figures 5A and 5B). This indicates
that, although Cxcr7a and Cxcr7b clear Sdf1a protein locally,
the reduction of Sdf1 signaling in the rear of the primordium is
generated at the level of the tissue rather than the individual cell.
SupplyingCxcr7Underneath theRear of the Primordium
Restores the Signaling Gradient and Primordium
Migration in cxcr7-Deficient Embryos
If Cxcr7’s sole function is to clear Sdf1a protein from underneath
the rear of the primordium, then resupplying Cxcr7 specifically
underneath the rear of cxcr7-deficient primordia should restoreSdf1-signaling gradient formation and primordium migration.
To test this idea, we ectopically expressed cxcr7b in the poste-
rior lateral line nerve—a nerve whose axons closely track the rear
of the migrating primordium through GDNF signaling (Schuster
et al., 2010)—in cxcr7-deficient embryos. In such embryos, the
magnitude of the Sdf1-signaling gradient across the primordium
is restored to 85% of the wild-type levels (Figure 4B, column 7),
and the primordiummigrates on average halfway down the trunk
and tail (Figures 1D and S6C). This is in contrast to cxcr7-defi-
cient control embryos in which the Sdf1-signaling gradient is
shallower (Figure 4, column 4) and primordium migration is
almost completely impaired (Figures 1D and S6C). These obser-
vations indicate that Cxcr7 is not necessarily required within the
primordium itself and is sufficient for Sdf1-signaling gradient
generation and primordium migration when supplied beneath
the rear of the primordium.
A Steady-State Sdf1-Signaling Gradient Guides the
Migrating Primordium
Given sufficient time, the shape and amplitude of signalingmole-
cule gradients will reach steady state in many scenarios (Mu¨ller
et al., 2013; Wartlick et al., 2009). However, signaling processes
often occur within a few hours, and it is unclear whether gradi-
ents can reach steady state within such short time frames and,
in turn, if cells interpret pre-steady-state or steady-state
signaling gradients in vivo. To address these questions, we
analyzed the formation of the Sdf1-signaling gradient over
time. A brief heat-shock-induced pulse of global Sdf1a proteinCell 155, 674–687, October 24, 2013 ª2013 Elsevier Inc. 681
Figure 6. Kinetics of Sdf1-Signaling Gradient Formation
(A–C) Mean FmemRed/FmemGreen along the anterior-posterior axis in tg(hsp70:sdf1a) (black dots, n = 8) and tg(hsp70:sdf1a);cxcr7b/ (red dots, n = 2) at the
indicated number of minutes after induction of a pulse of global Sdf1a expression. The front of the primordium is at 0 mm. Gray bars indicate SEM.
(D–F) Relationships of the slope of the gradient, speed of the primordium, and time (n = 8). In (D) and (E), solid black circles indicate mean, and gray bars indicate
SEM. In (F), the gray line connects the data points in chronological order, as indicated by red arrows.
(G and H) Sdf1-signaling gradient formation in vivo (G) and Sdf1a protein gradient formation predicted in silico (H). 0 min (post-heat-shock) in (H) roughly
corresponds to 360 min in (G).
See also Figure S7.expression causes internalization of Cxcr4b-Kate2 throughout
the primordium, flattens the Sdf1-signaling gradient, and decel-
erates the primordium (Movie S6, top). The gradient begins to
recover 5–6 hr after the heat shock and converges to the linear
shape that is observed across wild-type primordia (Figures 6A–
6C and S7 and Movies S6, top, and S7). Concurrent with recov-
ery of the gradient, the rounded primordium elongates and
resumes normal migration (Movie S6, top). Analysis of this recov-
ery reveals a sequence of three distinct states of Sdf1 signaling
across the primordium that result in re-establishment of the
signaling gradient. At 5 hr post-heat-shock, the Sdf1-signaling
gradient across the primordium is absent (Figures 6A and S7A
and Movie S7). At 7–8 hr post-heat-shock, Sdf1-signaling is
reduced specifically in the rear of the primordium, resulting in a682 Cell 155, 674–687, October 24, 2013 ª2013 Elsevier Inc.nonlinear, sigmoidal Sdf1-signaling gradient (Figures 6B and
S7B and Movie S7). Over the next 2 hr, this sigmoidal gradient
equilibrates across the primordium to yield a steeper, linear
gradient that resembles the gradient observed in wild-type
primordia and remains relatively stable until the end of the imag-
ing period (Figures 6C, 6G, and S7C and Movie S7), indicating
that it has reached a steady state. Importantly, the time required
for re-establishment of the Sdf1-signaling gradient across the
primordium depends on cxcr7 activity. In cxcr7b mutant em-
bryos, a genetic scenario in which the slope of the Sdf1-signaling
gradient across the primordium is already reduced by 40% even
before heat shock (Figures 4A and 4B, column 3), the gradient re-
mains flat10 hr following a similar pulse of global Sdf1a protein
expression (Figures 6A–6C and Movies S6, bottom, and S7).
Figure 7. Model for the Evolution of Chemo-
kine Gradient with Different Values of Veloc-
ity and Effective Diffusion Coefficient
(A) Model. L, thickness of chemokine reservoir;
k, Sdf1 degradation rate in reservoir; J0, flux into
the region of primordium absorbing chemokine
(b > x> 0, y= Lwith b = 20 mm); J1, flux of Sdf1 from
producing cells (x > 0, y = 0); C, concentration of
chemokine; and C0 initial value of C at time t = 0.
The gradient is sensed over the surface of a> x> b,
y = L wherein a is 100 mm and there is no flux over
this region. Two zones are defined: zone A repre-
sents b > x1 > 0, and zone B represents a > x2 > b.
In (B)–(E), the colored solid lines correspond to the
gradients calculated with velocity of primordium
velocity (u) = 0, and the colored dashed lines are
calculated with the specified u. Each gradient is
calculated at the indicated time, assuming that
C/C0 = 1 at t = 0. The dotted black line indicates
steady state. k is fixed at 0.0003 s1. R = J0/J1 is
the ratio of flux values chosen so that the steady-
state baseline value of C under the sink (x = 0)
corresponds to the measured value of 0.14 C0.
(B–E) Simulations with different u and effective
diffusion coefficient (D) expressed as multiples
of measured un (0.7 mm min
1) and Dfree
(100 mm2 s1; Veldkamp et al., 2005).
(F) Model for chemokine-signaling gradient by the
primordium. In the pre-steady-state, sequestra-
tion of Sdf1a protein by Cxcr7 decreases Sdf1a
protein beneath the trailing half of the primordium,
resulting in reduced chemokine signaling in the
rear. Diffusion from areas of higher Sdf1a protein
concentration equilibrates the chemokine distri-
bution across the primordium, resulting in a linear,
stable signaling gradient.Mathematical Modeling of Gradient Formation by a
Moving Sink
The local sequestration of Sdf1a protein in the rear of the
migrating primordium bears a superficial resemblance to the
source-sink model described by Crick (1970). Crick showed
that a freely diffusing molecule produced by a localized source
and degraded by a localized sink should result in a linear gradient
at steady state. Consistent with this prediction, the Sdf1-
signaling gradient across wild-type primordia appears linear
(Figure 3I, columns 1–3), and there is a sink in the rear of the pri-Cell 155, 674–687,mordium that locally degrades Sdf1a. In
contrast to Crick’s localized source
model, however, the stripe of sdf1a-
expressing cells generates a spatially
distributed reservoir of Sdf1a along the
migration route. To test whether such a
distributed source might provide similar
results to Crick’s model, we modeled
these dynamics under two assumptions.
First, the flux of Sdf1a from a distributed
source of chemokine-producing cells is
balanced by its degradation to yield a
constant reservoir of Sdf1a. Second, the
rear of the primordium clears Sdf1a at aconstant flow rate (Figure 7A). Initially, we used a value of
100 mm2 s1 for the diffusion coefficient of Sdf1 (i.e., the free
diffusion coefficient; see Extended Experimental Procedures).
Consistent with our analysis of the Sdf1-signaling gradient
kinetics and the estimated Peclet number of 0.012 (a measure
for whether a system is dominated by diffusion or flow), this
model predicts that the primordium migration velocity of
0.7 mmmin1 does not contribute significantly to the formation
of the gradient (Figures 7B and 7C). Moreover, this model shows
that a stable, linear, gradient can form in 0.5–3 hr and is onlyOctober 24, 2013 ª2013 Elsevier Inc. 683
slightly perturbed by the motion of the primordium (Figures 7B–
7E). However, the model predicts a shallower signaling gradient
across the primordium (Figure 7B) than what we observe in vivo
(Figure 3I, column 1–3), perhaps reflecting hindered Sdf1a diffu-
sion mediated by molecules in the extracellular matrix that can
bind the chemokine, a scenario that is known to reduce the
effective diffusion coefficient (Crank, 1975, Chapter 14). Three
of our observations are consistent with this idea. First, Sdf1a pro-
tein is produced by the stripe of chemokine-expressing cells
throughout the 20 hr migration period but does not diffuse to
detectable levels into adjacent tissues (Movie S2), suggesting
that Sdf1a protein is retained close to its source. Second, only
1% of the total Sdf1a-GFP protein on the stripe is sequestered
through Cxcr7 in the rear of the primordium (Figure 2F). This sug-
gests that a large fraction of the chemokine is bound to the extra-
cellular matrix, a proposition that has also been put forward for
other secreted signaling molecules (Mu¨ller et al., 2013). Impor-
tantly, prolonged global overexpression of Cxcr7b results in
removal of 29% of the total Sdf1a-GFP protein from the stripe
(Figure 2B), indicating that a larger fraction of Sdf1a protein
than the 1% sequestered by the primordium is present, but not
accessible to Cxcr7 in the rear of the primordium. Third, the ki-
netics of Sdf1 gradient formation are approximated by themodel
if the free diffusion coefficient of Sdf1 is reduced by a factor of
between 4 and 20 (Figures 7D and 7E). Note that, even when
the diffusion coefficient is reduced by 20, the Peclet number is
still 0.24. In summary, this modeling analysis supports the plau-
sibility of a scenario in which a localized Cxcr7-mediated sink
activity combined with hindered Sdf1a protein diffusion (i.e.,
reduced diffusion coefficient) from a distributed source and
degradation mechanism generates a quasi-linear and stable
Sdf1-signaling gradient across the primordium (Extended Exper-
imental Procedures).
Steepness of Sdf1-Signaling Gradient Correlates with
Efficient Primordium Migration
Theoretical considerations and in vitro experiments have sug-
gested that increasing the steepness of an attractant gradient
can promote directionality and motility (Fisher et al., 1989; Hatzi-
kirou and Deutsch, 2008; Keller and Segel, 1971; Parent and
Devreotes, 1999). To test this model in vivo, we followed the re-
covery of the Sdf1-signaling gradient and primordium migration
speed following exposure to a global pulse of Sdf1a. By
comparing the average slope of the signaling gradient and the
average speed of the primordium (Figures 6D–6F), we found
that, when the slope of the Sdf1-signaling gradient is at or above
46% of its steady-state value (470 min in Figure 6F), the speed
of the primordium stabilizes at0.7 mm/min (Figure 6F), which is
similar to the speed observed in wild-type primordia (Haas and
Gilmour, 2006). During this recovery period, the Sdf1-signaling
gradient increases fairly linearly (Figure 6D) until it stabilizes at
steady state. When the gradient is less than 46% of the
steady-state value, however, both the speed and directionality
of the primordium are unpredictable (Figure 6F), with primordia
either stalling or exhibiting serpentine movement rather than
straight migration. Importantly, shifting the gradient to higher
ratios by low-dose Sdf1a morpholino injections without chang-
ing its slope (Figure 3C, left) does not affect primordium migra-684 Cell 155, 674–687, October 24, 2013 ª2013 Elsevier Inc.tion (Figure 3C, right). These observations are consistent with
the idea that it is the steepness of an attractant gradient rather
than the absolute amount of signaling that instructs both speed
and directionality of migration in vivo.
DISCUSSION
Guidance of Migrating Cells by Shallow Attractant
Gradients
In vitro studies using Dictyostelium and neutrophils have shown
that individually migrating cells require at least a 3%difference in
concentration between the front and the back of the cell for effi-
cient directional migration (Fisher et al., 1989; Mato et al., 1975).
This is similar to the 7% difference in Sdf1 signaling observed
across the front to the back of a cell in the lateral line primordium,
suggesting that shallow gradients are sufficient for efficient
directional migration both in vitro and in vivo. Becausemost sce-
narios involving a local attractant source yield nonlinear gradi-
ents whose slope is shallow far from the source and steeper
closer to the source (Wartlick et al., 2009), the ability of cells to
detect small differences in attractant concentration is essential
for migration toward the attractant source from a distance.
Collectively migrating cells can potentially compare differ-
ences in attractant concentration sensed by cells at the front
and at the rear of the collective to polarize the tissue toward
higher attractant concentrations (Rørth, 2007). The induction of
polarity across collectively migrating border cells in flies by local
activation of Rac (Wang et al., 2010) and the promotion of migra-
tion in primordia with a fewwild-type cells in an otherwise cxcr4b
mutant primordium (Haas and Gilmour, 2006) support this idea.
However, reducing the difference in Sdf1 signaling across a
cell within the primordium to 3% results in inefficient migration
and stalling of the primordium, even though there still exists a
40% difference in Sdf1 signaling from the front to back across
the primordium in cxcr7b mutant embryos. These observations
suggest that either a 3% difference in signaling across cells
might be too low to induce polarity across the primordium or,
alternatively, that the primordium might not compare concentra-
tions of the attractant across the collective to enhance its ability
to detect attractant gradients.
Kinetics and Dynamics of Signaling Gradients
Signaling molecules disperse away from their source through a
complex environment to pattern a field of cells or to provide guid-
ance to migrating cells. The signaling range depends on the time
that the signaling molecules have to disperse and the ability of
the signaling molecules to move through the tissue (Mu¨ller and
Schier, 2011). For many scenarios with constant production,
diffusion, and clearance rates, the distribution of signaling mole-
cules will converge toward a stable gradient (constant amplitude
and shape) over time (Mu¨ller et al., 2013; Wartlick et al., 2009).
Measurements of the total pool of fluorescently tagged and over-
expressed signaling molecules indicate that it takes 30 min (in
the case of nodal [Mu¨ller et al., 2012]) to 3–4 hr (in the cases of
FGF [Yu et al., 2009] and dpp [Entchev et al., 2000; Teleman
and Cohen, 2000]) for the signaling gradient to reach steady
state. This is similar to the time that it takes for the signaling
gradient of untagged, endogenous Sdf1 to converge toward
steady state, given that the distribution of the pool of total
signaling molecules and the pool of actively signaling molecules
do not necessarily need to display similar gradient kinetics.
The movement of signaling molecules through tissues is
impeded by obstacles that increase the path length of the mov-
ing molecule and by transient binding to the extracellular matrix.
This reduces the global diffusivity of the signaling molecule and
increases the time that it takes for the gradient to converge
toward steady state (Mu¨ller et al., 2013; Crank, 1975). The FGF
gradient in the early zebrafish embryo, for example, approaches
steady state over a period of 3–4 hr instead of less than an hour
as predicted for freely diffusing FGF, suggesting that the move-
ment of FGF is hindered by transient binding to extracellular mol-
ecules, such as proteoglycans (Duchesne et al., 2012; Mu¨ller
et al., 2013). Similarly, the shape of the gradient of Sdf1 suggests
that the chemokine is hindered in its diffusivity, a supposition
supported by the observation that only a small fraction of the
total Sdf1a protein pool actively participates in signaling.
Although this might depend on the signaling molecule and the
tissue context, these observations are consistent with the idea
that a large fraction of the signaling molecules is bound to extra-
cellular molecules at any given time, and only a small fraction is
locally available to engage in signaling.
Self-Generated Attractant Gradients
The primordium is born as a polarized tissue with a rosette in its
rear that will be deposited later as the first neuromast (Nechi-
poruk and Raible, 2008). Shortly afterward, the rear of the
primordium starts expressing cxcr7b (Breau et al., 2012;
Dambly-Chaudie`re et al., 2007). Although the molecular mecha-
nism leading to the expression of cxcr7b in the rear is unknown,
this restricted expression polarizes the primordium molecularly.
Three conflicting models have been proposed about how
Cxcr7b activity in the rear could provide directionality to the
migrating primordium. In the first model, Cxcr7b activity is
thought to repress the expression of cxcr4b in the rear, and
Cxcr4b activity in the front is thought to repress cxcr7b expres-
sion in the front of the primordium. This cross-repression would
cause Cxcr4b activity to become graded across the primordium,
with more Cxcr4b available for signaling in the front than in the
back (Dambly-Chaudie`re et al., 2007). In the second model,
Cxcr7b is thought not to regulate cxcr4b expression but instead
to elicit a response that is distinct from Cxcr4b upon Sdf1a acti-
vation. This response is thought to endow cells in the rear of the
primordium with a different migratory behavior than cells in the
front (Valentin et al., 2007). In the third model, Cxcr7b activity
was proposed to internalize Sdf1 protein in the rear of the primor-
dium, which in turn was postulated to generate a gradient of
Sdf1 protein across the primordium, which the primordium
would follow (Raz and Mahabaleshwar, 2009; Weijer, 2009).
Our expression analysis of the transgenic reporters is consistent
with the secondmodel in which Cxcr4b and Cxcr7b do not regu-
late each other’s expression (Figure 1B). However, the findings
that Cxcr7 expression both in the rear primordium and near the
rear of the primordium similarly lead to the formation of a Sdf1-
signaling gradient and primordium migration (Figures 1D, 4B,
5D, and S6C) indicate that Cxcr7 acts not as a signaling receptor
but, rather, as a chemokine clearance receptor during primor-dium migration. This is consistent with the third model, in which
Cxcr7 acts as a sink for Sdf1 in the rear of the primordium,
generates an Sdf1-signaling gradient across the primordium,
and propels its migration along a uniform source of attractant
(Figure 7F), but it is inconsistent with a role of Cxcr7 in signaling
in the rear of the primordium, as postulated in the second model.
It is conceivable that ligand sequestration by a subset of
cells in amigrating cluster represents amore general mechanism
of generating, maintaining, or enhancing a gradient of an
attractant —or any signaling molecule—in order to provide
directional and/or positional information to cells and tissues.
Key to this mechanism is the ability to change the availability of
an extracellular signaling molecule, which depends on the
signaling molecule’s concentration, the number of sink cells,
and the rate of ligand sequestration. Many other tissues such
as sprouting blood vessels, epithelia, and metastasizing tumors
exhibit collective migration (Friedl and Gilmour, 2009; Montell,
2008; Rørth, 2009). Thus, a migrating collective modulating the
availability of its own guidance cue may represent an elegant
mechanism of cell guidance.
EXPERIMENTAL PROCEDURES
Sdf1a-GFP and Sdf1-Signaling Sensor Transgenics
The Sdf1-signaling sensor and the Sdf1a-GFP fusion constructs were gener-
ated using recombineering of a bacterial artificial chromosome (BAC) spanning
the cxcr4b and sdf1a genomic loci, respectively, and transgenic zebrafish
were obtained by co-injecting BAC DNA and tol2 transposase mRNA into
one-cell-stage embryos. See also Extended Experimental Procedures.
Immunohistochemistry, Embryonic Manipulations, and
Transgenesis
In situ hybridization was conducted as previously described (Thisse and
Thisse, 2008). Antibody stainings were detected chromogenically with DAB
or fluorescently with Cy3-, Alexa488-, or Alexa647-conjugated secondary
antibodies. Mosaic embryos containing either the Sdf1-signaling sensor or
tg(hsp70:sdf1a) and tg(cldnB:lyn2GFP)were generated through cell transplan-
tation. See also Extended Experimental Procedures.
Microscopy and Image Processing
For live imaging, the primordium was imaged using a Leica SP5 II confocal
laser scanning microscope. Quantification of Sdf1a-GFP on the stripe and
FmemRed/FmemGreen ratios for each voxel representing part of a cell mem-
brane in the primordium were calculated using ImageJ software. See also
Extended Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven
figures, one table, seven movies, and five data files and can be found with this
article online at http://dx.doi.org/10.1016/j.cell.2013.09.046.
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